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i’hc  port* or:::  »nce  -i  structural  and  machine  parts  under  dynamic 
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able  stresses,  he!  aw  chose  listed  ior  various  static  properties  sue!’, 
as  yield  strength,  ultimate  strength,  etc.  In  those  loadings  dt: 
sequence  of  varying  lead  magnitudes  occurs  more  or  less  in  a  random 
manner. 

The  preci’  c  t  ion  of  fatigue  concerns  with  the  estimation  of  the 
time  length  that  a  material  can  serve  the  intended  design  functions 
when  subjected  to  varying  stress  conditions.  Due  to  the  various  pos¬ 
sible  stress  patterns,  it  Joes  not  appear  that  fatigue  life  results 
can  be  compiled  for  complex  stress  patterns  similar  to  that  accumulated 
for  pure  sinosoidal  stress  histories.  This  gives  an  indication  that 
for  complex  stress  histories  a  certain  amount  of  analysis  must  be  re¬ 
sorted  to  in  order  to  overcome  the  expected  deficiency  in  test  data 
directly  relating  to  particular  histories. 

In  laboratories  it  is  a  standard  practice  to  test  the  specimens 
at  constant  load  amplitudes  and  obtain  a  S-N  curve.  In  the  actual 
situations  the  load  of  each  part  critical  in  fatigue  varies  a  great 


dual.  To  design  the  part  which  resists  the  service  load  using  the  d-N 
curve  an  equation  was  proposed  by  Palmgron  and  was  later  re  prop  used  by 
Miner  (1).  These  are  various  other  methods  proposed,  such  as  Grover's 
theory  (2),  Marco  Starkey's  theory  (3),  Shanltv's  theory  (A),  Corten 
Dolan's  theory  (5),  Freudenthal-ileller  theory  (6),  etc.,  but  none  of 
these  can  be  relied  on  to  predict  fatigue  life  with  any  accuracy  for 
most  of  the  commonly  encountered  circumstances.  The  Miners  theory 
which  is  most  commonly  used  in  majority  of  the  applications  does  not 
depend  < n  the  previous  history  of  the  material  or  its  behavior  in  multi¬ 
level  loadirt 

Based  on  these-  and  other  researchers'  experimental  and  theo¬ 
retical  investigations  and  his  own,  Kramer  (7.S)  concluded  that  when 
subjected  to  stress-cyclic  process,  the  work  hardening  of  metal  is 
confined  to  primarily  the  surface  layer.  With  the  increase  in  number 
c£  cycles  and  the  stress  amplitudes  there  is  an  increase  in  the  surface 
layer  stress.  As  the  fatigue  damage  accumulates  the  surface  layer 
stress  reaches  a  critical  value  and  a  fatigue  propagation  crack  is 
formed  independent  of  the  stress  amplitude  leading  to  fatigue  failure. 

He  proposed  that  cumulative  fatigue  damage  and  cumulative  fatigue  life 
can  b.'  described  in  terms  of  rate  of  increase  in  the  strength  of  the 
surface  layer  with  the  number  of  cycles.  Since  the  critical  surface 
stress  is  constant  for  a  particular  metal  it  is  only  needed  to  de¬ 
termine  the  contribution  to  the  surface  stress  by  cycling  at  an  applied 
stress  for  a  given  number  of  cycles  and  sum  up  the  contributions  until 
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The  equation  ran  also  be  expressed  a..- 


.5  -  cv  c  1  e  s 


Pm 


Hr 


,  N> 


t  \ 


P.. 

.\  , 


P  ■■  ^ 


-l- 


-)  ♦ r-) 


+ 


v  - 


which  means  that  when  the  cumulative  fatigue  damage  for  all  the 
stages  equal.'  one  failure  will  occur. 


A  detailed  development  of  the  equation  is  shown  in  Appendix  D. 


CHAPTER  I 


INSTALLATION  AND  CAL  I  BRA  I' I GN  Oi-  FATIGUE  MACHINE 

the  direct  serves  fatigue  machines  DS-oOO  and  DS-oOOC  iiL.M 
.ire  designed  ter  :•.•£  Cir.g  in  tension  va.i/'or  compression  up  co  uGO 
and  bOOO  pounds  of  total  load,  respective ly.  Each  machine,  as 
shewn  in  Figure  l,  is  equipped  vi  til  .»  pov..  r  base  consisting  •.  f  a 
one  horse  power  variable  speed  drive  voter,  i  control  cabinet,  a 
cycle  counter,  and  a  variable  eccentric  crank  and  connecting  red. 

The  dynamic  loading  system  includes  a  ioad  frame  and  the  load  lever. 
One  end  of  the  load  lever  is  pivoted  in  a  parallelogram  flexture 
assembly  which  creates  a  straight  lire  loading  at  the  load  stud 
and  the  other  and  is  attached  to  the  variable  eccentric  crsr.it. 

Mounted  on  the  load  frame  are  the  hydraulic  load  maintainor 
system  and  hydraulic  cylinder.  The  upper  load  stud  is  attached  to 
the  hydraulic  cylinder.  The  load  maintainor  system  includes  ioad 
sensing  contact  units  mounted  or.  the  base  on  either  side  of  the  load 
lever  and  a  solid  state  electronic  control  system  in  the  control 
cabinet.  The  pumping  unit  consists  of  two  continuously  running 
piston  pumps  immersed  in  oil  and  driven  bv  an  eccentric  on  a  single 
phase  constant  speed  motor.  Each,  pump  has  a  relief,  civ.  ck,  and  back 
pressure  valve  controlled  by  a  solenoid  which  is  activated  bv  the 
Load  sensing  units.  These  contact  units  will  prevent  the  maximum  load 


from  utfcreasin^,  Wh^n  the  Lead  -a  the  ir.cr.:a.ss  jt  in¬ 

creases,  the  load  lever  •..•ill  make  contact,  wi ih  the  »«.-r.iing  unit  vision 
will  activate  the  proper  solenoid.  Ihe  solenoid  will  activate  the 
pump  and  send  .tore  pressure  to  the  side  of  the  hydraulic  piston  as 
required  to  increase  or  decrease  th«  load.  The  load  sensing,  units 
will  also  stop  the  machine  if  the  specimen  fails  ,r  the  Ivcraulic 
maintainor  cannot  keep  the  load  froi.:  dropping  rapidly.. 

A  fatigue  rated  strain  gage  :  mid  transducer  fitted  to  the  upper 
load  stud  is  used  to  read  the  li.  \;i,  ihe  transducer  can  remain  on  rh< 
m  jehinu  while  the  achinc  is  in  use.  The  leads  iron  the  transducer 
•.re  canr.ec  ted  to  a,  strain  indicator*  which  is  calibrated  for  reading 
the  load  directly  in  pounds. 

For  calibrating  the  strain  indicator,  the  loading  lever  is  dis¬ 
connected  fro!.;  the  variable  eccentric  crank.  A  load  of  25  pounds  is 
applied  at  the  free  end  of  the  loading  arm  and  the  strain  indicator 
is  adjusted  to  read  the  load  directly.  Additional  leads  of  50  ar.d  "5 
pounds,  respectively,  are  applied  to  check  the  calibration. 

Once  calibrated,  the  machine  is  capable  cf  performing  five 
different  types  of  loading:  "zero  to  tension,"  "zero  to  compression," 
"tension  to  tension,"  "compression  to  compression,"  ar.d  "tension  to 
compression. " 

The  cyclic  load  is  applied  by  changing  the  throw  on  the  variable 


eccentric  from  zero  throw  through  the  rotation  of  the  eccentric  usinr 
the  manually  wrenched  pinnion  drive.  This  change  in  the  throw  of  the 


CHAPTER  II 


SPECIMEN  PREPARATION 

The  fatigue  specimen  designed  f---r  fr.v  investigation  i.  -:...wt. 
in  Figure  2.  The  threaded  uul;'  of  the  specimen  wur.  made  l-ng  •  nou.  h 
to  accommodate  Kcknuts  to  avoid  slackening  at  the  grips.  Tht  grips 
for  holding  the  specimens  were  custom  designed.  On-  I  r.gth  tc  d: 

.ter  ratio  of  the  gauge  section  of  the  specimen  was  ch.enn  as  2:1  to 
avoid  buckling  during  compression. 

After  carefully  machining  the  specimen,  is  per  the  dc.-ign 
specifications,  the  gauge  section  was  prepolislu-d  with,  grade  oOO  and 
SCO  silicon  carbide  papers  to  reduce  the  tool  marks  and  other  .surface- 
irregularities.  This  was  followed  b'  electropol ishing  to  obtain  in 
even  surface  finish. 

The  electropolishing  device  designed  for  polishing  the  specimen 
is  shown  in  Figures  3,  4,  and  5.  The  specimen  itself  is  the  anode 
and  is  rotated  by  a  motor  at  a  predetermined  speed.  The  cathode  con¬ 
sists  of  a  25-gauge  stainless  steel  sheet  bent  cylindrically  to  main¬ 
tain  uniform  distance  between  the  anode  and  cathode.  The  stainless 
steel  sheet  is  placed  in  a  glass  container  filled  with  electrolyte 
which  is  a  mixture  of  methanol,  butyl  cellosolve,  and  perchloric  acid. 
A  magnetic  stirrer  was  used  to  stir  the  electrolyte  to  maintain  uni¬ 
form  strength  throughout  the  electrolyte.  The  glass  container  was 


Immersed  in  an  ice  bath  to  maintain  the  temperature-  of  the  electro¬ 
lyte  at  13°C.  A  detailed  procedure-  for  •.  iec  tropoli  shir.4  the  specimen 
is  shown  in  Appendix  h . 
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CHAPTER  III 


EXPERIMENTAL  PROCEDURE 


After  electropolishing,  the  specimen  was  carefully  examined 
under  a  microscope  for  circumferential  tool  marks  and  stress  risers. 
The  specimen  was  then  placed  in  the  machine  grips  by  positioning  the 
upper  load  screw  by  means  of  the  nuts  on  either  side  of  the  piston. 
Then,  by  changing  the  variable  eccentric  crank  the  required  lead 
range  was  obtained.  "hen  based  on  the  stress  ratio  condition  for 
the  test,  the  mean  load  was  set.  The  testing  for  each  specimen  was 
done  in  four  different  stages.  For  the  first  stage  through  the  third 
stage  the  load  set  and  the  -'.umber  of  cycles  applied  at  that  particular 
load  was  predetermined.  In  the  last  (fourth)  stage  after  setting  the 
load  the  test  w is  allowed  to  continue  until  the  specimen  failed. 

Under  each  of  the  three  different  stress  ratios,  i.e.,  R=-l,  R=-G.5, 
and  R=0,  tests  were  conducted  with  four  different  stro-.s  sequences: 

( i)  high  to  low  stress  sequence,  (ii)  high  to  low  mixed  s'..,..a,ce, 

(i.ii)  low  to  high  stress  sequence,  ami  (iv)  low  t  ■>  high  mixed  stress 
sequence. 

Figure  9  (Appendix  A)  shows  : he  stress  cycling  to  obtain  various 
values  of  R. 
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CHAPTER  IV 


ANALYSIS  OF  DATA 


To  calculate  the  slope  and  the  intercept  on  the  vertical  axis, 
a  statistical  method  was  used  with  the  S-N  curve  line  equation  being 
log  =  m.(logN)  +  logC. 


X--log  N 

Y— log 

XY 

) 

X" 

1 

3. 61 2“ 3 

4.62557 

16.71117 

13.0521b 

o 

3.90309 

4.56591 

17.82116 

15.23411 

3 

•4.05090 

-♦.53865 

18.28132 

16 . 45844 

4 

4. 31175 

4.50623 

19.42974 

18.59119 

5 

4.63144 

4. 46015 

20.65692 

21.45020 

6 

4. 8609a 

4.42911 

21.52964 

23.62674 

7 

4.91169 

4.37791 

21.50294 

24.12470 

8 

5.16732 

4. 34502 

22.45211 

26.70120 

9 

5.48355 

4.28212 

23.50263 

30.12413 

n  =  9 

eX  =  40.94446 

GY  =  40.13067 

,;XY  =  1S1. 33763 

-tX“  =  189.36494 

^  ,  \  n.£XY  -  ex.ey 

therefore,  slope  (m)  =  - = - ^ — 

n.£X  -  (£X)“ 

=  (9)  ( 131. 38763)  -  (40.94446)  (40,13067) 

?9)  (189.36496)  -  (40.944^6)“ 

=  -0.2206 
? 

and  intercept  (logC)  =  cY.eX~  -  cX.eXY 

2  0 
n.eX  -  (eX)“ 

(40.13067)  (189.36494)  -  (40.94446)  (181.S8~63) 
To)  '  '  i 

V  (189.36494)  -  (40.94446)“ 

=  5.4625 
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Calculation  of  material  constants  p  and 

p  "  '  ~  =  "  -0.2206  =  4,553 
and  -  =  (log  3C)P  =  (log  33.4625)4‘  ^  =  5 . 77-45  10“ 

Calculation  of  fatigue  damage  using  Kramer’s  equation  under 
completely  reversed  stress  conditions  where  in  the  first  three  stages 
of  the  testing  the  following  maximum  stress  number  of  cycles  were 


used:  =  25000  Psi,  =  20000  cycles 

c.f  =  30000  Psi,  N-,  =  8000  cycles 

o  =  35000  Psi,  N,  =  -tOOO  cycles, 

J 

In  the  final  stage,  maximum  stress  of  40000  Psi  was  applied  ar.u 
the  test  was  allowed  to  run  until  the  specimen  failed.  The  specimen 


failed  after  2400  cycles  (the  calculations  shown  here  are  for  specimen 


2  in  the  low  to  high  stress  sequence). 
Damage  in  the  first  stage  =  f ^  = 


Nl:  1  =  (20000)  (  25IIO)'4 *  5 3  : 

“  (5.7745)  (10)2h 

=  0.305 


P  Pf 

Damage  in  the  second  stage  =  f 7  =  N.c .  ,  : .  \  1 


(S000)  (30090)  j 2 5 1 1 6 \ 

=  (5.7745)  (  10)24  U°9°/ 


4.533  /25116^  (4.533)  (0.305) 


=  0.216 


Damage  in  the  third  stage  =  f  ^  = 


v  •  P 
‘3  3 


Pf . 


Or.)  Ci) 


Pf2fl 


4000  x  (35063) 


4.533 


5.7743  x  10 


24 


(300901 

\35063/ 


4.533  x  0.216 


(■ 


35116 

30090, 


3  '  '  ~2y 

4.533  x  0.216  x  0.305 


0.226. 


CHAPTER  V 


DISCUSSION  OF  RESULTS 

The  fatigue  strength  versus  fatigue  life  (S-N)  curves  plotted  for 
che  stress  ratios  of  -1,  -0.5,  and  0,  using  the  test  data  shown  in 
Tables  1,  2,  and  3,  are  shown  in  Figure  6.  A  statistical  method  was 
used  as  shown  in  the  analysis  to  determine  the  slopes  of  the  curves. 

The  constant  life  diagram  shown  in  Figure  7  was  obtained  using  the  S-N 
curves . 

Tables  4-7  show  the  cumulative  fatigue  data  for  the  completely 
reversed  stress  conditions,  R=- 1 .  Table  4  shows  the  data  for  the  low- 
high  stress  sequence.  For  the  specimens  1-6  the  stress  in  the  first 
stage  was  25  Ksi  for  20000  cycles,  30  Ksi  in  the  second  stage  for  6000 
cycles,  35  Ksi  for  -+000  cycles  in  the  third,  and  stressed  until  failure 
of  the  specimens  at  *0  Ksi.  For  specimens  7-4  the  stress  sequence  was 
25  Ksi  for  30000  cycles,  30  Ksi  for  10000  cycles,  35  Ksi  for  3000 
cycles,  and  40  Ksi  until  failure  took  place.  For  specimens  10-12,  the 
stress  pattern  was  25  Ksi  for  25000  cycles,  30  Ksi  for  10000  cycles, 

35  Ksi  for  5000  cycles,  and  finally  in  the  Last  stage  40  Ksi  until 
f ailure  took  place . 

For  specimens  13-15,  the  low  to  high  stress  sequence  was  20  Ksi 
for  35000  cycles,  25  Ksi  for  30000  cycles,  30  Ksi  for  15000  cycles,  and 
stressed  at  35  Ksi  in  the  last  stage  until  the  specimens  failed. 
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In  the  low-high  stress  pattern,  for  all  the  specimens,  it  was 
observed  that  there  was  a  close  agreement  between  the  experimental 
and  theoretical  fatigue  life  values  in  the  final  (fourth)  stage. 

Table  5  shows  the  data  for  the  low-high  mixed  stress  sequence. 
For  the  specimens  1-6  the  stress  applied  was  25  Ksi  for  20000  cycles, 
increased  to  35  Ksi  for  -t000  cycles,  reduced  to  30  Ksi  for  3000 
cycles,  and  finally  stressed  at  40  Ksi  until  failure  took  place. 

Similarly  for  specimens  7-9,  it  was  25  Ksi  for  30C0C  cycles, 

35  Ksi  for  3000  cycles,  30  Ksi  for  10000  cycles,  and  40  Ksi  until  the 
specimen  failed.  For  specimens  10-12,  it  was  25  Ksi  for  25000  cycles, 
35  Ksi  for  5000  cycles,  30  Ksi  for  11000  cycles,  and  40  Ksi  until 
failure  took  place. 

For  specimens  13-15,  the  stress  pattern  was  20  Ksi  for  35000 
cycles,  30  Ksi  for  15000  cycles,  25  Ksi  for  25000  cycles,  and  stressed 
at  35  Ksi  in  the  fourth  stage  until  failure  took  place.  The  specimens 
16-13  were  subjected  to  a  stress  sequence  of  20  Ksi  for  u0000  cycles, 
30  Ksi  for  16000  cycles,  25  Ksi  for  20000  cycles,  and  35  Ksi  in  the 
last  stage  until  failure  took  place. 

For  the  low-high  mixed  stress  sequence  it  was  observed  that 
there  was  a  close  agreement  between  the  experimental  and  theoretical 
values  of  fatigue  life  in  the  fourth  stage. 

Table  6  shows  the  data  for  the  high- low  stress  sequence.  For 
specimens  1-6  a  stress  of  40  Ksi  was  applied  for  1500  cycles  in  the 
first  stage.  Then  the  stress  was  decreased  to  35  Ksi  for  4000  cycles, 


and  in  the  third  stage  it  was  further  reduced  to  .id  Ksi  for  8000  cycles. 
In  the  last  .state  the  specimens  were  stressed  until  failure  at  25  Ksi. 
For  specimens  7-0  the  stress  sequence  was  40  Ksi  for  2500  cycles,  33 
Ksi  for  6000  cycles,  30  Ksi  for  15000  cycles,  and  finally  25  Ksi  until 
failure  took  place.  For  specimens  L0-12,  the  stress  sequence  was  40 
Ksi  for  3000  cycles,  35  Ksi  for  5000  cycles,  30  Ksi  for  20000  cycles, 
and  25  Ksi  until  failure  took  place. 

For  specimens  13-15,  in  the  first  stage  of  testing  a  stress  of 
35  Ksi  was  applied  for  5000  cycles.  In  the-  second  stage  it  was  30  Ksi 
for  12000  cycles,  the  third  stage  25  Ksi  fer  25000  cycles,  and  in  the 
last  stage  at  20  Ksi  they  were  stressed  until  failure.  Likewise,  for 
specimens  16-18  the  sequencing  was  35  Ksi  for  4000  cycles,  30  Ksi  for 
15000  cycles,  25  Ksi  for  30000  cycles,  and  in  the  last  stage  20  Ksi 
and  were  stressed  until  failure. 

For  all  the  specimens  it  was  observed  that  by  testing  at  a  high 
stress  initially  and  then  gradually  reducing  the  stress  in  each  stage, 
there  was  an  increase  in  the  fatigue  life.  It  was  also  observed  that 
the  fatigue  life,  when  stressed  at  25  Ksi  after  initially  stressing  at 
40  Ksi,  35  Ksi,  and  30  Ksi,  was  about  six  times  higher  than  the  theo¬ 
retical  life  at  that  stress. 

Table  7  show’s  the  data  for  the  high- low  mixed  stress  sequence. 

In  the  high-low  mixed  stress  sequence  the  specimens  1-6  were  subjected 
to  a  stress  of  40  Ksi  for  1500  cycles  in  the  first  stage.  In  the  second 
stage  the  stress  was  reduced  to  30  Ksi  for  3000  cycles  and  in  the  third 
stage  the  stress  was  increased  to  35  Ksi  for  4000  cycles  before  finally 
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applying  a  strops  of  25  Ksi  where  the  .specimens  were  s crossed  until 
failure  took  place. 

For  specimens  "-9  the  stress  sequencing  was  40  Kji  for  3500 
cycles,  .30  Ksi  for  9000  cycles,  35  Ksi  for  5000  cycles,  and  15  Ksi 
until  failure  of  the  specimens  took  place.  For  specimens  10-12  it 
was  a0  Ksi  for  3000  cycle-,  30  Ksi  for  11000  cycles,  35  Ksi  for  .*000 
cycles,  and  in  the  last  stage  15  Ksi  until  failure  took  place. 

For  specimens  13-15  a  different  high-low  mixed  stress  sequence 
was  used.  In  the  first  stage  the  maximum  stress  was  35  Ksi  for  5000 
cycles  and  in  the  second  stage  it  was  decreased  to  25  Ksi  for  15G0U 
cycles.  In  the  third  stage  the  stress  was  increased  to  30  Ksi  for 
30000  cycles,  and  in  the  last  stage  the  stress  was  reduced  to  20  Ksi 
and  the  specimens  were  stressed  until  failure  took  place. 

Again,  for  ill  the  specimens  tested  under  high-low  mixed  stressed 
sequence  it  was  observed  that  the  fatigue  life  values  obtained  experi¬ 
mentally  were  much  higher  than  those  obtained  theoreticii.lv. 

From  t'ne  laoles  6  and  5  it  can  be  seen  that  theoretically  for 
all  tiie  specimens  7-13  for  the  high-low  stress  sequence  and  speeimms 
'-IS  for  the  high-low  mixed  stress  sequence  failure  should  have 
occurred  in  the  third  stage  itself. 

Tables  16-19  shew  the  cumulative  fatigue  damage  and  the  total 
number  of  cycles  obtained  theoretically  using  the  Kramer  equation  and 
also  experimentallv.  From  that,  it  can  be  observed  that  for  the  lew- 
high  and  low-high  nixed  stress  sequences  the  predicted  fatigue  life 
and  the  experimental  fatigue  life  are  in  complete 


agreement,  whereas 


for  the  high- low  ami  high-low  mixed  .stress  sequences  the  predicted 
fatigue  life  is  very  conservative  when  compared  to  the  experimental 
values. 

Tables  3-11  show  the  data  for  the  cumulative  fatigue  for  the 
stress  ration  of  R=-0.5.  Table  3  shows  the  data  for  high- low  stress 
sequence.  In  this  sequence,  for  specimens  1  and  1  the  maximum 
stress  applied  was  -*0  Ksi  for  4000  cycles  in  the  first  stage.  In 

the  second  stage  stress  was  .35  Ksi  for  dCuG  cycles,  and  in  the  third 
stage  it  was  50  Ksi  for  3000G  cycles.  In  the  fourth  stage  the  speci¬ 
mens  were  stressed  until  failure  at  15  Ksi.  For  specimens  3  and  •*, 
the  stress  sequence  was  40  Ksi  for  5000  cycles,  35  Ksi  for  7C0O  cycles 
30  Ksi  for  35000  cycles,  and  stressed  until  failure  occurred  at  25  Ksi 

Table  9  shows  the  data  for  high-low  mixed  stress  sequence.  For 
specimens  1  and  2,  the  sequence  was  40  Ksi  for  -GOG  cycles,  30  Ksi 
for  30000  cycles,  35  Ksi  for  3000  cycles,  and  25  Ksi  until  the  speci- 
failed.  For  specimens  3  and  u,  the  stress  sequencing  was  40  Ksi  for 
5000  cycles,  30  Ksi  for  35000  cycles,  35  Ksi  for  '000  cycles,  and  in 
the  last  stage  stressed  at  25  Ksi  until  failure  occurred. 

In  both  the  high-low  and  high-low  mixed  stress  sequences  it  was 
observed  that  the  fatigue  life  in  the  last  stage  was  much  higher  ex¬ 
perimentally  than  that  obtained  theoretically.  For  specimens  3  and  4, 
in  both  the  high- low  and  high- low  mixed  stress  sequences  theoretically 
failure  should  have  occurred  in  the  third  stagey  whereas  the  specimens 
failed  eventually  in  the  fourth  stage. 


T.iblw  10  shows  the  data  far  low- high  sues.:  w^uptica  in  which  for 
specimens  1- .5  it  was  05  Ksi  for  oOOCU  cycle.-:  Lu  the  first  stage,  50  Ksi 
in  the-  second  for  30000  cycle.-:,  5:5  Ksi  for  '0-0  cycles  in  the  third,  at.: 
finally  stressed  until  failure  took  place  at  50  Ksi.  In  the  case  of 
the  specimens  2  and  5,  the  stress  sequence  was  23  Ksi  for  50KQ0  cycles, 
50  Ksi  for  55000  cycles,  ir.  the  second  stare,  and  .3.5  Ksi  in  the  third 
stage.  Even  though  the  specimens  were  not  stressed  until  failure 
occurred,  the  specimens  failed  before  reaching  1/3  of  the  theoretical 
fatigue  life  at  that  particular  stress.  Similar  observation  was 
made  for  specimens  .1  and  3.  For  specimen  1,  the  predicted  life  was 
about  5  to  3  times  more  than  the  experimental  value. 

Table  11  shews  the  data  for  low- high  mixed  stress  sequence  where 
the  specimens  1-3  were  sun  joe  ted  to  a  stress  of  25  Ksi  for  6000  cedes 
m  tne  first  stage,  and  3s  Ksi  for  6000  cycles  in  the.  second  stage. 

In  the  third  stage  the  specimens  were  subjected  to  a  stress  of  30  Ksi 
and  even  though  they  were  not  stressed  until  failure,  the  specimens 
1  i-:. led.  For  the  specimens  5  and  5,  the  same  pattern  was  observed  where 
Kao  first  stage  th,.  stress  was  25  Ksi  for  oOOOO  cycles  and  in  the  sec  ore. 
stage  33  Ksi  for  9CuO  cycles.  The  specimens  failed  in  the  third  stage 
when  subjected  to  a  stress  of  30  Ksi.  For  all  the  specimens  tested 
under  the  low-high  mixed  stress  sequence,  the  h  ^oretical  fatigue  life 
at  30  Ksi  after  being  subjected  to  stresses  of  25  Ksi  and  35  Ksi  in  the 
previous  stages  was  nearly  twice  as  much  as  that  obtained  experimentally 

Tables  20-23  show  the  cumulative  fatigue  damage  using  Kramer's 


equation  and  the  Miners  equation.  They  also  show  the  fatigue  life 


values  obtained  the  ore  rio.ii  iv  .u  well  as  experimental  ly .  The  theo¬ 
retical  fatigui  Life  values  far  the  high-  low  and  the  high-  low  mixed 
stress  sequences  were  observed  to  be  very  conservative.  The  values 
of  the  fatigue  life  for  r.he  lew-nigh  and  tire  low-high  ::.ix«d  stress 
sequences,  theoretically,  were  consideraaiv  closer  to  these  obtained 
c  xpe  r  ii.ien  t  a  1  i v  . 

Tables  12-15  show  the  data  far  cumulative  fatigue  for  the 
stress  ratio  R=0 .  L’aole  12  shows  the  data  for  high-  low  stress 
sequence  wire1  re  specimens  1  and  2  were  subjected  to  --U  Ksi  for  I2u02 
cycles  in  the  first  stage,  35  Ksi  for  25000  cycles  in  the  second 
stage,  30  Ksi  for  32000  cycles  in  the  third  stage,  and  finally  stressed 
until  failure  at  2:  Ksi.  Specimens  2  and  4  were  subjected  to  stresses 
of  40  Ksi  for  20000  cycles,  35  Ksi  for  30000  cycles,  30  Ksi  for  t000>i 
cycles,  and  25  Ksi  until  the  specimens  failed. 

For  specimens  1  and  2,  it  was  observed  that  the  experimental 
fatigue  life  at  25  Ksi  (final  stage)  was  about  twice  the  value  obtained 
theoretically.  As  for  specimens  3  and  4,  it  was  observed  that  the  ex¬ 
perimental  fatigue  life  at  25  Ksi  was  about  six  times  higher  than  the 
theoretical  value  at  the  same  stress. 

Table  13  shows  the  data  for  high-low  mixed  stress  sequence. 
Specimens  i  and  2  were  stressed  at  40  Ksi  for  20000  cycles,  30  Ksi  for 
50000  cycles,  35  Ksi  for  25000  cycles,  and  finally  in  the  last  stage  25 
Ksi  until  failure  occurred.  For  specimens  3  and  -t,  the  stress  was  40 
Ksi  for  25000  cycles,  30  Ksi  for  40000  cycles,  35  Ksi  for  20000  cycles, 


and  25  Ksi  until  failure  occurred. 


For  all  the  specimens,  it  was 


\  an:-. 


observed  {.hat  til-.-  experimental  ;\ic  lift: 

.seven  times  high-  r  than  "la.  the  .-re  t:  uni  value:- . 
Table  1-  -h.  a;s  the  data  for  th._  low-hi«,!. 


a  0  0  c 


mens  1  and  i  v-  re  -ub;ected  to  it  K..i  i.,r  leiXeu  cvcies,  50  nsi  for 
-.0000  ovules,  :'5  Ksi  for  J.)  G''0  eve! L:v  the  latt  stage  it  re-  ted 
at  -.0  K'i  anvil  i  .iluro  t  .•  ,k  place.  On-  iv.ens  3  _n  v  a  were 

stressed  .>t  05  Ksi  far  lOuXC  cycles,  JO  Ksi  for  efCOo  cycles,  35  Ksi 
for  15000  eye  !  e ,  .vvJ  K;i  until  the  specimens  foiled.  The  ri- 
mvntai  f>ti..ac  1  i :  -.-  vaiii.-.,  fur  live  spec  i.::.-.-r.s  tested  under  the  lew- hi,; 
stress  se-:uenc-  '  -C  Ksi  v.-  r-.-  abotu  one  and  one- ha.  f  ti::.-s  ui river 
than  those  obtained  the  oruricaLl*.  it  the  Satie  stress. 

Table-  15  shows  -he  data  f.-.r  low- high  vnixed  stress  sequence,  i  . 
specimen?  1  .nd  -■  si.r-.-ss  scqu-.-r:c<.  was  15  Ksi  for  .00000  cycles , 

35  Ksi  for  35C  0C  '.-•civs.  30  Ksi  for  -3000  cvc.cs,  -.r.e  Ksi  until 
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values  were  about  on-.-,  anti  one-half  times  higher  than  the  theoretical 
values. 


Tables  2d- 27  show  the  cumulative  fatigue  damage  using  Kramer's 
equation  and  Miner's  equation.  They  also  show  the*  predicted  and  ex¬ 
perimental  fatigue  life  values.  Again,  the  same  observation  was  made 


J 
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as  for  the  values  i  ;r  R=-i  .a.!  X=-o.  o.  values  obtained  theoretical 

for  hi  oh-  low  and  high- low  mixed  stress  sequences  veru  very  conserva¬ 
tive,  whereas  the  theoretical  values  for  lew-high  and  low-high  mixed 
stress  sequences  were  in  better  agreement  with  the  experimental  fatigue 
life  v  a 1 u e  s . 


CHAPTER  VI 


CON'CLUS  ICii'S 

From  t!v.  di.  curs icn  of  results  it  cap.  be  concluded  that  the  pre¬ 
dicted  fatigue  failure  value.,  uoir.g  Kramer'  s  cumulative  fatigue  iai.i;’,;c 
.lustier.  for  the  !  ex-sigh  and  low- hi  gh  mixed  stress  sequence*  under 
v ample  tely  reversed  stress  conditions,  R--1,  are  Lr.  comp lota  agreement 
with  the  Experimental  values,  while  the  theoretical  valuer  for  high- 
low  and  high- low  mixed  stress  seqsu  ncos  were  very  conservative  as  com¬ 
pared  with  those  obtained  experiment  ally. 

For  the  low- high  and  Low-high  mixed  stress  sequences  under  stress 
ratio  of  R=-0.',  the  cumulative  fatigue  damage  values  determined  ex¬ 
perimentally  were  mostly  in  the  ran.;;  u:  0,60  -  0.9b.  From  these  re¬ 
sults  it  can  he  concluded  tnat  the  theoretical  fatigue  failure  values 
were  in  close  agrei  ment  with  those  obtained  experimentally.  For  the 
high-low  and  high- low  mixed  stress  sequences,  the  experimental  values 
were  in  the  range  L._o  -  2.5,  from  which  it  can  bo  concluded  that  the 
theoretical  fatigue  failure  values  were  very  conservative. 

The  experimental  values  for  the  low-high  and  low-high  mixed 
stress  sequences  under  the  .stress  ratio  R=0  were  in  the  range  of  1.0c  - 
1.16.  Even  though  the  experimental  values  in  the  final  stage  were 
higher  than  the  theoretical  values,  it  can  be  concluded  that  cumula¬ 
tive  fatigue  damage  predicted  by  Kramer's  equation  was  in  close 
agreement  with  the  experimental  values.  The  experimental  values  for 


Che  high-low  and  high-low  mixed  stress  sequences  were  in  the  ran*  of 
1.03  -  2.93  from  which  it  can  be  concluded  that  th-  theoretical  values 
were  very  conservative. 

From  the  data  for  high- low  and  high- low  mixed  stress  sequences 
under  the  three  stress  ratios  R=-l,  R=-0. 5,  and  R=U,  it  can  be  con¬ 
cluded  that  cycling  at  a  higher  stress  initially  and  then  reducing  the 
maximum  stress  applied  in  the  subsequent  stages  increases  the  surface 
layer  stress,  thereby  increasing  the  fatigue  life, 

A  further  important  conclusion  which  can  be  drawn  is  that  the 
accuracy  for  predicting  the  cumulative  fatigue  damage  depends  on  the 
material  constants  P  and  Therefore,  the  accuracy  of  S-N  curves 
is  very  important  for  analyzing  fatigue  data  using  Kramer's  equation. 


CHAPTER  VI 


RECOMMENDATIONS 

It  is  recommended  that  tests  U-.  continued  to  generate  fatigue 
data  on  various  other  alloys  or  practical  use.  Also,  the  Kramer*  : 
equation  for  predicting  cumulative  fatigue  damage  be  modified  so  as 
to  predict  the  damage  for  high-1. ;w  md  high-low  mixed  stress  sequence 
more  realistically. 
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Fig.  2.  Fatigue  Specimen. 


Electropolishing  Apparatus 


table  i 

experimental  data  for  s-n  CURVE  (R=-l) 


No. 

Max.  Stress 
(PSI) 

No.  of  Cycles  to 
Failure  (N) 

1 

42300 

4100 

) 

28600 

2000 

J’- 

34600 

11400 

•4 

32IOO 

203  JO 

3 

30300 

34  7  00 

O 

2S300 

42600 

; 

26300 

7  2600 

s 

23900 

31600 

9 

22100 

1470G0 

10 

19100 

289000 

TABLE  2 

experimental  data  for  s-n  curve  (r=->0 


No. 

Max.  Stress 

Cpsi) 

No.  of  Cycles  to 
Failure  (N) 

1 

46000 

6800 

> 

42800 

12300 

3 

41100 

15500 

4 

38400 

25500 

5 

35800 

28200 

6 

31800 

5950C 

7 

29400 

76600 

8 

24900 

211000 

TABLE  3 


EXPERIMENTAL  DATA  FOR  3-N  CURVE  (R=0) 


No. 

Max.  Stress 
(PSD 

No.  of  Cycles 
Failure  (' 

1 

47~00 

17000 

44300 

57000 

3 

44300 

2o5GC 

4 

33300 

7  2800 

5 

33300 

101000 

6 

29800 

270000 

7 

26900 

340000 

S 

26900 

640000 

39 


TABLE  4 


CUMULATIVE  FATIGUE  DATA  FOR  LoW-HIGH  STRESS  SEQUENCE  (R=-I) 


S.  Mo. 

1 

Stage  1 
25000  PSI 

Stage  2 
30000  PSI 

Stage  3 
35000  PSI 

-•Stage  4  - 

40000  PSI 

Theore  t- 
ical 

Exper i - 
mental 

1 

20000 

■3000 

4000 

239  7 

1 300 

2 

20000 

3000 

4000 

239  7 

2400 

3 

20000 

SOOO 

-4000 

239  7 

2200 

4 

20000 

3000 

4000 

2397 

2100 

5 

20000 

8000 

4000 

2  397 

21C0 

6 

20000 

8000 

4000 

2397 

3400 

7, 

30000 

10000 

3000 

1335 

30u 

8 

1 

i  O 

30000 

10000 

3000 

1335 

1100 

i— 4 

9 

o 

>■, 

30000 

10000 

3000 

1335 

1500 

o 

U-. 

10 

25000 

10000 

5000 

996 

700 

11 

u 

25000 

10000 

5000 

99  b 

1200 

1 

12 

25000 

10000 

5000 

996 

1000 

2  1 

: 

20000  PSI 

25000  PSI  1 

300O0  psi  ; 

35C00  PSI 

13 

35000 

30000 

15000 

1690 

I'OO 

14 

25000 

30000 

15000 

1890 

1500 

15 

35000 

30000 

15000 

1-390 

1800 

16 

40000 

28000 

16000 

137  3 

1 200 

V 

40000 

28000 

16000 

1373 

1100 

18 

40000 

28000 

16000 

1373 

350 

'•'Specimen  is  stressed  till  failure  in  the  -4th  stage. 


r 
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FABLE  5 


aO 


CUMULATIVE  FATIGUE  DATA  FOR  LOW-HIGH  MIXED  STRESS  SEQUENCE  (R=-I; 


S.  No. 

Stage  1 

Stage  2 

Stage  3 

■•Stage  h  - 

40000  PSI 

25000  PSI 

30000  PSI 

35000  PSI 

Theoret- 

Exper i - 

leal 

mental 

1 

20000 

4000 

8000 

2689 

2700 

1 

20000 

4000 

sooo 

2689 

2400 

20000 

4000 

3000 

2689. 

3200 

. 

20000 

1 

-fOOO 

•>000 

2689 

2300 

_  1 

! J 

20000 

4000 

sooo  ! 

2689 

2o50 

6 

- 

20000 

■4000 

sooo  : 

26  o  9 

2300 

7  ! 

■A 

O 

30000 

3000 

10000 

1161 

1 200 

>5 

CJ 

30000 

3000 

10000 

1161 

500 

9 

o 

71 

30000 

10000 

1161 

1300 

10 

c 

25000 

5000 

11000 

462 

900 

11 

£ 

25000 

5000 

11000 

462 

buO 

12 

25000 

5000 

11000 

462 

105C 

20000  PSI 

1 

30000  PSI 

25000  PSI 

35000  PSI 

13 

35000 

15000 

25000 

132 

200 

U 

35000 

15000 

25000 

!  132 

"00 

15 

25000 

15000 

25000 

132 

300 

16 

^0000 

i 

16000 

20000 

1551 

900 

1? 

40000 

16000 

20000 

1551 

1 300 

18 

40000  | 

16000 

20000 

1551 

lb  50 

•'■'Specimen  is  stressed  till  failure  in  the  4th  stage. 


TABLE  h 


CUMULATIVE  FATIGUE  DATA  FOR  HIGH- LOW  STRESS  SEQUENCE  (R=-L) 


S.  No. 

1 

Stage  1 
40000  PSI 

Stage  2 
35000  PSI 

Stage  J 
30000  PSI. 

’•Stage  4  - 

25000  PSI 

Thoore  t- 
i  c  a  1 

Experi¬ 

mental 

1 

1300 

-40C0 

BOOO 

6923 

50  ICO 

1500 

4000 

S000 

1  -92.3 

33700 

3 

1500 

4000 

SO  00 

0  9  2  3 

44200 

A 

1500 

4OOO 

6000 

69  23 

5  4900 

•% 

i  500 

4000 

SOOO 

<.,9  25 

5-000 

6 

1  500 

■4000 

6000 

64-  3 

4 '000 

’';*Stage  3 

’•'Stage  4 

Theory  t- 

Exp  i.-ri- 

25000  PSI 

ical 

mental 

-J 

1 

2500 

bOOO 

37  20 

15000 

27000 

i 

2500 

6000 

37  20 

1 5000 

2- 600 

•) 

V) 

2500 

6000 

3~  20 

15000 

25 .300 

r— < 

U 

10 

U 

3000 

5000 

49  20 

20000 

20100 

11 

3000 

5000 

40  2  0 

20000 

i'bUC 

12 

3000 

5000 

4026 

20000 

1.9  200 

35000  PSI 

30000  PSI 

25COO  PSI 

206/00  PSI 

!  i 

5000 

12000 

4 '21 

2  5000 

3°  '00 

1-4 

5000 

12000 

4  721 

2  5000 

5  2  200 

L5 

5000 

12000 

4  721 

25000 

46000 

lb 

4000 

15000 

4996 

30000 

23500 

17  _ 

4000 

15000 

4996 

30000 

13000 

IS 

4000 

15000 

4996 

30000 

37900 

’•'Specimen  is  stressed  till  failure  in  4th  stage. 
-’.--.'-Theoretically  failure  should  have  occurred  in  the  3rd  stage. 


TABLE  7 


CUMULATIVE  FATIGUE  DATA  FOR  HIGH- LOW  MIXED  STRESS  SEQUENCE  (R=-l) 


■ 

S  tage  1 
40000  PSI 

Stage  2 
30000  PSI 

Stage  3 
35000  PSI 

*Stage  4  - 

25000  PSI 

No. 

Theore  t- 

Experi- 

■ 

1 

ical 

mental 

1 

1500 

3000 

4000 

10959 

7  3600 

) 

1500 

8000 

•+000 

10959 

71200 

3 

1500 

3000 

4000 

i 

10959 

80000 

4 

1500 

8000 

4000 

10959 

68000 

5 

1500 

8000 

4000 

10959 

72000 

6 

1500 

8000  | 

4000 

109  59 

6o900 

1 

•••••stag*.-  3- 

1 

35000  PSI 

Stage  4 

Theore t- 

Experi- 

25000  PSI 

1 

ical 

mental 

7 

*T3 

V 

*H 

3500 

9000 

51b 

5000 

53000 

3 

3500 

9000 

516 

5000 

47400 

9 

3500 

9000 

516 

5000 

55900 

10 

t— 1 

o 

u 

3000 

11000 

381 

'000 

45200 

11 

3000 

11000 

381 

7000 

38500 

12 

3000 

11000 

381 

7000 

41100 

35000  PSI 

25116  PSI 

30090  PSI 

20142  PSI 

13 

5000 

15000 

8680 

30000 

29000 

14 

5000 

15000 

■3680 

30000 

34100 

15 

5000 

15000 

8680 

30000 

37  300 

16 

4000 

13000 

19417 

35000 

22900 

17  . 

4000 

13000 

19417 

35000 

26000 

13 

4000 

18000 

19417 

35000 

23400 

'••Specimen  is  stressed  till  failure  in  4th  stage. 

■“’•'Theoretically  failure  should  have  occurred  in  the  third  stage. 
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TABLE  3 

CUMULATIVE  FATIGUE  DATA  FOR  HIGH-LOW  STRESS  SEQUENCE  (R=-0.5) 


■ 

Stage  1 
40000  PS I 

Stage  2 
35000  PS  I 

Stage  ’ 
900 DC  PS I 

*Stage  4  - 

25000  PSI 

S .  Mo . 

■ 

Theoret- 

Experi- 

■ 

icai  ' 

mental 

1 

4000 

3000  j 

1 

6950 

5  67  CO 

- 

"3  1 

o  l 

•H  | 

I  ! 

4000 

SOOO 

wSM 

.  . 

6950 

537CC 

1 

-  3000 

0  PS  I 

•••Stage  4 

1 

i 

<  i 

1  Experi- 

25000  PSI 

f 

Zj 

mental  I 

, . 

| 

I 

->>  ; 

5000 

7000 

31740 

3  5 

000 

37  300 

4  1 

5000 

7000 

)  i  /  40 

’  5000 

60 100 

TABLE  9 

CUMULATIVE  FATIGUE  DATA  FOR  HIGH -LOW  (MIXED)  STRESS  SEQUENCE  (R—0.3) 


S.  No. 

Stage  1 
40000  PSI 

Stage  2 
30000  PSI 

Stage  3 

35000  PSI 

■•Stage  4  - 

25000  PSI 

Theoret¬ 

ical 

Experi¬ 

mental 

1 

1 

4000 

30000 

SOOO 

16695 

a  4  900 

2 

4000 

30000 

3000 

IboO  5 

St, 50 

~a 

35000  PSI 

j 

! 

n 

’a.| 

Theoret- 

Experi- 

25000  PSI 

<1 

ical 

mental 

3 

J! 

5000 

3  5000 

3530 

7 

000 

4150Q 

U 

4 

^■*1 

a 

5000  ' 

35000 

3530 

7 

000 

61600 

’•Specimen  is  stressed  til  failure  in  the  4th  stage. 


•■'"’^Theoretically  failure  should  have  occurred  in  the  3rd  stage. 


TABLE  10 


CUMULATIVE  FATIGUE  DATA  FOR  LOW-HIGH  STRESS  SEQUENCE  (R=-0.5) 


No. 


Stage  1 
25000  PSI 

Stage  2 
30000  PSI 

Stage  3 
35000  PSI 

'•’•'Stage  A  - 

A00U0  PSI 

Theore t- 
ical 

Experi¬ 

mental 

60000 

30000 

8000 

6104 

2  300 

•’•-’•Stage  3  -  35000  PSI 

Theore t- 

Experi- 

ic.aL 

Mental 

— 

oOOOO 

30C00 

22  3()2 

t>  300 

60000 

30000 

22392 

"900 

50000 

35  e -00 

22918 

~  100 

50000 

35000 

2291.- 

"^00 

TABLE  1  I 

CUMULATIVE  FATIGUE  DATA  FOR  LOW-HIGH  (MIXED)  STRESS  SEQUENCE  (R=-0.5) 


Stage  1  Stage 

25000  PS  I  35000 


2 

3 


Al 

•r-i 


c- 

o. 

< 

A 


oOOOO 

tiOOOO 

1)000 


-000 

8000 

8000 


PS  I 


AS t age  3  -  30000  PS  I 


seore  tical 

Experimen ta 

ASoAA 

2  "000 

4664*  i 

i 

"500 

j*,l>44 

2  2 -*00 

-i 


Q 

>  < 
o 

u 


50000 

50000 


9000 

9000 


-*3335 
•48  5  35 


•’•'Specimen  is  stressed  till  failure  in  A th  stage. 

•••'•'Specimen  is  not  stressed  till  failure  in  this  stage,  even  though 
failure  took  place. 


TABLE  12 


45 


CUMULATIVE  FATIGUE  DATA  FOR  HIGH-LOW  STRESS  SEQUENCE  (R=0) 


Stage  1 
40200  PS  I 

Stage  2 
35000  PSI 

Stage  3 
30000  ESI 

! 

Ml 

25000  PSI 

No, 

Thc-ore  t- 
ical 

Experi¬ 

mental 

l 

•H 

1  2000 

25000 

1 

50000 

1-4610 

36 32CO 

- 

i  2000 

25000 

"0000 

1 

1 446 10 

39 ”900 

3 

S. 

200  JO 

30000 

1  1 
1 

1  -iu'l'v 

2~  ;9  3 

159300 

B 

.0000 

iOOOe 

1 

_ 

27  59  3 

207000 

TABLE  1 ; 


CUMULATIVE  FATIGUE  DATA  FOR  HIGH- LOW  MIXED  STRESS  SEQUENCE  (R=0) 


■ 

Stage  L 

-♦0000  rsi 

Stage  2 
30000  PSI 

Stage  3 
35000  PSI 

'••Stage  4  - 

25000  PSI 

No. 

1 

Theore t- 
ical 

Experi¬ 

mental 

1 

•H 

20000 

50000 

25000 

*42564 

306  300 

2 

<—* 

a, 

Q. 

< 

20000 

50000 

25000 

425B4 

26 4000 

3 

O 

>—3 

25000 

4OOOO 

20000 

24~77 

291100 

4 

O 

a 

25000 

40000 

20000 

24777 

f  J 
-  1 

O 

*Spccimen  is  stressed  till  failure  in  the  4th  stage. 


TABLE  l 


CUMULATIVE  FATIGUE  DATA  FOR  LOW-HIGH  STRESS  SEQUENCE  (R=U) 


■ 

1 

Stage  1 
25000  PSI 

Stage  2 
*20000  PSI 

Stage  3 
35000  PSI 

mm 

40000  PSI 

No. 

1 

Theoret¬ 

ical 

Experi¬ 

mental 

1 

T3  | 

ZJ  I 

1500C0 

aOOOO 

20000 

3iS4o 

f>2  3C0 

'7 

< 

J) 

150C00 

40000 

i 

JC'M.O 

313^8 

61*0  0 

1  1 

1—4 

■J 

200000 

-oOGU 

. 

15000 

—  -  S 1 2 

•*9900 

i 

U 

200000 

-♦5000 

15000  ! 

— 

2  S3 12 

j  uSfcOO 

TABLE  II 


CUMULATIVE  FATIGUE  DATA  FOR  LOW-HIGH  MIXED  STRESS  SEQUENCE  (R=0) 


r 

1  . " . 

Stage  1 
25000  PSI 

Stage  2 
35000  PSI 

Stage  3 
30000  PSI 

40000  PSI 

No. 

Thr-oret-  ! 

Expert- 

ical 

r.ienta  1 

1 

200000 

25000 

1 

45C00 

24  5  31 

73000 

') 

200000 

25000 

4  3000 

29531 

67100 

3 

5 n 
u 

•— ( 

150000 

30000 

40000 

31021 

o7(>00 

4 

u 

X 

CJ 

150000 

30000 

mOOOO 

no  21 

69  5CC 

-Specimen  is  stressed  till  failure  in  the  4tii  stage.- 


I  ABLE 

CUMULATIVE  FATIGUE  DAMAGE  FOR  LOW- HIGH  STRESS  SEQUENCE  (R=-I) 


5,  N Jo.  °F 

Kramer 

°F 

Miner 

\t 

r 

Theoretical 

r 

Expo  rimer;  Cal 

■.ai  Exp .  ,1 

X.  {  The  x  ) 
r 

1 

0.  631 

1.011 

3429" 

3  3  300 

0 .  ~i  0 

2 

C.9a4 

1.13' 

34397 

3  4  460 

1 . 000 

3 

0.9*  + 

1.12-4 

3-4397 

3m  20C 

0  • ,,t4- 

- 

0 . 9  6  3 

1.111 

39  29  7 

34100 

0.541 

5 

0.96  3 

1.111 

3-4  39' 

3 -r  1.00 

C .  7-91 

‘j 

0. 904 

1.187 

34  39  7 

3-4400 

1.0  OC 

■  - 

0.9H 

1.05c 

4-433  5 

•4  .Ji  D  0  0 

0 . 9  2  2 

3 

0 .  9 ' 5 

1.133 

44335 

44  100 

c.995 

0 

1.018 

1.134 

44335 

44-500 

1.004 

10 

0 . 9  7 1 

1.  U5 

4-3996 

4  0  700 

0.99  3 

11 

1.020 

i.  208 

4099  b 

-1200 

1  •  u  u  5 

12 

1 . 000 

1.13  3 

-4C‘'90 

h  J 

O 

O 

C_ 

L.OCfi 

1 3 

1.00b 

2.267 

31590 

61700 

2 . 996 

u 

0.99’ 

1.253 

8 1890 

/j 

r—' 

UJl 

O 

O 

r.  r,  •* 

'j  •  '  ■  -• 

15 

1.011 

1 . 274 

3 1390 

61800 

0.994 

16 

1 . 00  3 

1.263 

85373 

3  5  200 

0.998 

l7 

1.004 

1.25' 

-5  373 

65100 

0.9v7 

IS 

0.99  2 

1.239 

35373 

64850 

0.994 

°F  = 

Cumulative  fati. 

;ue  damage 

3S  f  -f-  f  + 

"12 

f3  +  f4- 

•v  - 

Total  number  of 

cycles  at 

failure. 

Np  (Theoretical)  =  Total  number  of  cycles  at  failure  usinr,  iiramoi’s 
equation  (Equation  2). 
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TABLE  la 

CUMULATIVE  FATIGUE  DAMAGE  FOR  HIGH- LOW  STRESS  SEQUENCE  (, R-- 1 ) 


S .  No. 

°F 

Kramer 

°F 

Miner 

"V 

The ore t i e  a  1 

V 

lV 

Experimental 

NFUxp.) 

N  ( Theo .  ) 

r 

1 

1 .  HbO 

1.501 

2042  5 

6  3600 

3.114 

0 

1 . 5°(, 

1.  252 

204  23 

47200 

2.  371 

3 

1.  3  2') 

1.411 

2  0  4  c  3 

5'700 

2.625 

•4 

2.06" 

1.5' 7 

204  2  3 

68400 

i.  3-4  ^ 

5 

- .  00  3 

1.526 

20423 

->5500 

3.207 

:.  S'U 

1  •  -4  D  -4 

2042  ’ 

60500 

2.962 

- 

2.  '16 

1.65-4 

12200 

50500 

4.132 

.*> 

2.  o25 

1.621 

1  2200 

46  300 

3.952 

2.6-46 

1.629 

12200 

^8600 

3.994 

10 

2.659 

1.  '17 

12026 

48100 

4.000 

n 

2. "21 

1.679 

120  26 

45600 

3.792 

12 

2.S12 

1.703 

12026 

47  200 

3.925 

13 

2. 1 ' 1 

1.  360 

21721 

SI  700 

3. '6  1 

U 

2.  370 

1.4  30 

il'21 

94200 

4 .  a  3  7 

15 

2.  2'1 

1.395 

21721 

88000 

4.051 

16 

2.-t29 

1.4  39 

23996 

77500 

3.  230 

2.-437 

1.428 

23996 

80000 

3.  334 

IS 

2.647 

1.40  2 

23996 

36900 

3.621 

Dp  =  Cumulative  fatigue  damage  =  fp  +  f,  +  f  +  f  . 

Np  =  Total  number  of  cycles  at  failure. 

Np  (Theoretical)  =  Total  number  of  cycles  at  failure  using  Kramer's 
equation  (Equation  2). 


TABLE  1° 


Cl’MULAT 

IVE  FATIGUE  DAMAGE  FOR 

HIGH- LOW  MIXED  STRESS  SI 

20 FENCE 

U=-i) 

5 .  No . 

°F 

rCranier 

Dy 

Mine  r 

N„ 

f 

The.,  re  tie  ,i  i 

:\xp  :  ri::k;i 

n  t  al 

Np(Exp. ) 

Np(Th«».  * 

r 

1 

2.21 3 

1 . 357 

J. 4  ~  * 1 

-  ■  LOu 

3  •  5  v  l 

2.  2  b  a 

1,321 

)  ) 

-..4  700 

1> .  4  6 .3 

3 

449 

1.954 

1  4-4  ,'j 

10^-459 

4.2-1 

4 

2 . 1 9  7 

1.772 

2a459 

o  1500 

•4  332 

5 

2.231 

1.533 

244+59 

55500 

3 . 4+96 

6 

2. 17* 

1.  7 55 

24459 

SO  400 

3.287 

- 

2.566 

1.59 

1 30  L  6 

70500 

5.416 

* 

2.431 

1.313 

13016 

64*900 

4 . 9  5  6 

9 

2.  636 

1.942 

1.3010 

7  3*400 

5 .  o  39 

10 

2.632 

1.9  22 

In  331 

6  6200 

-4 . 60  3 

11 

2.449 

1.  oil 

14381 

59500 

-*.137 

12 

2.520 

1 . 360 

143«1 

62100 

4  .  316 

13 

2 , 4  4  7 

1.7-1 

o^O 

79000 

2.953 

14 

2. 536 

1.799 

2  -6,~0 

54100 

1  i)  1  ■> 

13 

3 .  'j  ? .3 

1.51- 

2  9o80 

37  300 

3,044 

16 

2.549 

1 . 3S? 

32417 

79900 

2.46  5 

17 

2.06  2 

1.90-4 

32417 

6  3000 

2.560 

13 

2.565 

1.590 

32417 

504+00 

2.-+S0 

D  =  Cumulative  fatigue  damage  =  f,  +  f ,.  +  f  _  +  f ,  . 

*  ^  1  Z  3  4 

Np  =  Total  number  of  cycles  at  failure. 


Mp  (Theoretical)  -  Total  number  of  cycles  at  failure  using  Kramer's 
equation  (Equation  2). 


i 
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TABLE  JO 


CUMULATIVE  FATIGUE  DAMAGE  FOR  HIGH- LOW  STRESS  SEQUENCE  ( Il=-0. 3 ) 


S.  No. 

df 

Kramer 

°F 

Miner 

>!.. 

t 

Tlie-.  re  tie  al 

N.. 

t 

Exp.  rir.tntai 

N  ( Exc.  ) 
r 

N.,(Tl.e ,,  ) 

1* 

1 

1.40  2 

i .06  3 

*8950 

100 7C0 

2.05' 

t 

1.132 

0.905 

43950 

hO000 

L .  3*4 : 

3 

1.  370 

1 . 05o 

■+  3  '^0 

34600 

1.9  34 

4 

1.359 

L.  157 

•-+  >  40 

107100 

2.4*4 

TABLE  21 


’CUMULATIVE  FATIGUE 

DAMAGE 

FOR  HIGH- LOW  MIXED 

STRESS  SEQUENCE 

( R= - 0 . 5 ) 

S .  No. 

UF 

Kramer 

°F 

Miner 

nf 

Theoretical 

N„ 

i- 

Experimental 

"SpfExprr 

Np( Thee. ) 

1 

1 . 40* 

1.162 

58695 

12690 

2.162 

-) 

1.42* 

1.236 

58695 

13020 

2.21S 

3 

1.311 

1.072 

*3530 

88500 

2.033 

4 

1.426 

1.164 

43530 

106600 

2.  *9  5 

]  AI'I.L. 


CUMULATIVE  FATIGUE  DAMAGE  FOR  Lt 


HIGH  STRESS  SEQUENCE  (R=-0.'.) 


S.  No. 

D.. 

V 

Kr  aiiiirv 

°F 

Mi  no  r 

NF 

The. .ret  ic;il 

p 

riL.il 

N<  E:m>.  j 

r 

N-ATlu  ...  > 
r 

1 

0.  '  L') 

o.-r  1 

O...U;.. 

100  ■().. 

•  -1  •  *  *' 

1 

0  •  *>  ’  -+ 

0 .  ~'u< 

M  Z  <')  2. 

'•oiuO 

: •  T  J  J 

3 

c 

o 

0.3  3” 

1 123'.  3 

v'hoo 

o .  - " ; 

*4 

0.0  ‘2 

0.823 

I0?4j  ' 

■• loo 

■  •  *.*  ‘3  * 

5 

0. 70  A 

0.  .->«?> 

10  7°  1  - 

'•-"00 

0.  - 

TABLE  S3 

CUMULATIVE  FATIGUE  DAMAGE  FOR  LOW-HIGH  MIXED  STRESS  SEQUENCE  (R--C.3) 


S.  No. 

DF 

Ur  amor 

°F 

Miner 

N,, 

1 

Theoretical 

nf 

Experimental 

NF(Exp.) 

Np( Theo .  ) 

1 

0 .  "  3  7 

0.306 

1 1  66a-t 

95000 

0  .'14 

) 

0.  499 

0.581 

1  It 6 44 

75500 

n.o4  ■; 

-> 

0 .  o  8 1 

0.752 

1 16644 

'>0400 

0.7-5 

u 

0.317 

0.  Sbb 

10  7  3  >5 

9  2  700 

0 , 6o  5 

5 

0.748 

0.802 

107  338 

o"  200 

0.  312 

TABLE  24 
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CUMULATIVE  FATIGUE  DAMAGE  FOR  HIGH- LOW  STRESS  SEQUENCE  (R=0) 


S.  No. 

df 

Kramer 

°F 

Miner 

n'f 

Tlieort  tieal 

'JF 

Experimental 

Np(Exp. ) 

N’  (Theo.  ) 
F 

1 

1.444 

1.186 

231610 

-(70200 

2.030 

2* 

1.471 

1.206 

231610 

434900 

2.094 

3 

1.245 

1.031 

117893 

249300 

2.115 

4 

1.339 

1.096 

117393 

297000 

2.519 

TABLE  25 

CUMULATIVE  FATIGUE  DAMAGE  FOR  HIGH-LOW  MIXED  STRESS  SEQUENCE  (R=0) 


S .  No. 

°F 

Kramer 

°F 

Minor 

nf 

Theure  tical 

nf 

Experimental 

NplExp. ) 

Np(Thto. ) 

1 

1.487 

1.231 

1  1756a 

401300 

2.917 

2 

1.445 

1.200 

1  17564 

379000 

2.755 

3 

1.495 

1.188 

109777 

376100 

3.426 

4 

1.49  2 

1.169 

109777 

361100 

3.289 

TABLE  26 


CUMULATIVE  FATIGUE  DAMAGE  FOR  LOW-HIGH  STRESS  SEQUENCE  (R=0) 


S.  No. 

df 

Kramer 

°F 

Mine  r 

nf 

Tin-ore  tical 

nf 

Exper ! mental 

NF(ExpJ 

NF(Th60. ) 

1 

1.333 

1.506 

2ai848 

262300 

1 .  Oba 

1.48b 

1.681 

241843 

271700 

1.123 

3 

1.  354 

1.  *63 

268812 

309900 

l.o  'C 

1.236 

1.407 

2S8812 

305900 

1.059 

TABLE  27 


CUMULATIVE  FATIGUE  DAMAGE  FOR  LOW-HIGH  MIXED  STRESS  SEQUENCE  (R=0) 


No. 

°F 

Kr  arner 

°F 

Miner 

nf 

Theoretical 

nf 

Experimental 

Np( Exp . ) 

Np(Theo. ) 

1 

1.686 

2. 114 

299531 

348000 

1.162 

2 

1.532 

1.912 

299531 

337100 

1.125 

3 

1.536 

1.887 

251020 

2S79C0 

1.147 

4 

1.559 

1.916 

251020 

269500 

1.153 

APPEND  LX  v. 


NOMENCLATURE 


Dp  =  Cumulative  fatigue  damage 

D  (Kramer)=  Cumulative  fatigue  damage  using  Kramer's  equation 
(Equation  2) 


Dp  (Miner)  =  Cumulative  fatigue  damage  using  Miner's  equation 
fpf.,  ...  =  Fatigue  damage  prehistories 


m 


=  Slope  of  the  S-N  curve  which  is  in  the  form 
log  Y  =  m. log  X  +  log  C 


N ^ , N 9  ...  =  Number  of  cycles  applied  at  each  stress 

Np  (Theo)  =  Total  number  or  cycles  at  failure,  obtained  theo¬ 
retically  using  Kramer's  equation  (Equation  2) 


NF 


P 

R 


=  Total  number  of  cycles  to  failure  obtained  experi¬ 
mentally 

=  Material  constant  =  -  — ■ 

m 


=  Stress  ratio 


Minimum  Stress 
Maximum  Stress 


j 

mean 


s 

a 

E 


..  _  Maximum  Stress  +  Minimum  Stress 

Mean  Stress  =  — - — - - — - 

Maximum  stress  applied  at  each  stage  of  testing 

Critical  surface  layer  stress 

Material  constant 

Material  constant  =  (log  ^C)^ 
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APPENDIX  D 

KRAMER'S  WORK 


I.  R.  Kramer  conducted  experiments  on  2014-Tb  aluminum  alloy  t.nd 
showed  that  while  materials  are  subjected  to  fatigue  cycles,  the  work 
hardening  of  surface  layer  takes  place  and  consequently  the  pro¬ 
portional  limit  for  the  material  is  increased  with  increased  number 
of  cycles.  He  defined  this  increase  in  proportional  limit  as  the  sur¬ 
face  layer  strength  (°s).  He  further  stated  that  when  this  surface 
layer  stress  reached  a  critical  value  (°  )  the  failure  producing  crack 

propagated.  He  showed  that  ^  is  independent  of  the  stress  magnitude. 

He  also  measure  the  ratio  of  N  /N„  to  determine  whether  it  varied 

o  F 

with  stress  amplitude,  as  shown  in  Figure  S.  He  found  that  over  the 
stress  range  employed,  this  ratio  was  independent  of  the  stress  ampli¬ 
tude. 


N 

o 


S 


o 

s 


D 


Number  of  cycles  to  initiate  the  propagating  crack 
Number  of  cycles  to  failure 

A  constant  =  0.7  for  aluminum 

Slope  =  da^/dN 
SN  or 

SN 

o 

0 

s 

-Q-*  =  Fatigue  damage  to  initiate  a  propagating  crack, 

S  -T  *V 

and  the  crack  will  be  initiated  when  casi/a  =  1, 

M  s 


at  the  first 


The  incremental  rate  of  change  of  surface  stress  - 
stress  level  is  given  by  S  =  .  After  N  cycles,  the  maximum 

stress  is  increased  to  a ^  and  the  incremental  rate  of  change  of  sur¬ 
face  stress  at  this  second  level  will  be  modified  as 


.  S,  1 

su  *  (-) 


Pf . 


II 


-it) 


P 

V  ,-T 

~  °  y  • 


Similarly,  at  the  third  level,  Sj 


Substituting  for  S ^  gives  “XII 


?flf2 


Pf, 


-<#  rs 


and  so  on.  Failure  occurs  when  N  S.  +  N,S,  (S./S.,)  f  +  ...  =  ~  "  , 

1  1  L  Z  L  Z  S 

where  the  subscripts  denote  the  consecutive  changes  in  the  alternating 
stress  amplitude.  From  the  relation  between  d°i./d^1  and  u  he  had  shown 


p 

that  S  -  ao  . 

So , 

i  substituting  S 

p . 

=  aa  in 

tained 

ai\  *az\( 

'J1 
'  G  2 

resell 

Pf,  P 

)‘(£) 

2  1 


Dividing  throughout  by  3  he  obtained 


P  P 

O  N  0  N 

1  1  2  2 


Pf 


1 


Pf. 


Ci)  +-“- 


Pf  2^  1 


6 


t 


5fc 

APPENDIX  E 

SPECIMEN  PREPARATION 

1.  Ihc  specimen  is  to  be  machined  as  per  the  specifications  in  the 

drawing. 

2.  The  tool  marks  on  the  surface  where  the  polishing  is  to  be  done 
should  be  cleaned  using  the  finest  grade  of  silicon  carbide  sand¬ 
paper. 

3.  The  specimen  should  be  heat-treated  and  tempered  back  to  the  pre¬ 
machining  metalurgical  conditions  of  the  metal  used  (2011-T3). 

4.  The  surface  to  be  polished  should  be  washed  with  methanol  and 
dried. 

3.  The  specimen  should  be  examined  using  a  microscope  for  circum¬ 
ferential  scratches  or  tool  marks  on  the  surface  to  be  polished. 
If  any  scratches  are  found  they  should  be  removed. 

6.  Attach  the  specimen  to  the  shaft  of  the  stirrer. 

7.  The  electrolyte  should  be  prepared  by  using  59%  methanol,  357. 
butyl  cellosolve,  and  67.  perchloric  acid. 

8.  The  electrolyte  temperature  should  be  kept  at  15°C. 

9.  Adjust  the  speed  of  the  magnetic  stirrer  at  4,5. 

10.  Start  the  motor  holding  the  specimen  and  the  magnetic  stirrer. 
Care  should  be  taken  to  see  that  the  specimen  rotates  in  the 
direction  opposite  to  that  of  the  magnetic  stirrer. 

11.  Immerse  the  specimen  in  the  electrolyte,  by  raising  the  platform, 
until  the  surface  which  is  to  be  polished  is  completely  immersed. 
Allow  the  specimen  to  cool  in  the  electrolyte  for  20  seconds. 

12.  Set  the  voltage  at  15-20  volts  (1.2  -  1.5  amps)  and  adjust  the 
timer  for  2  minutes.  Turn  on  the  power  to  start  the  polishing. 

13.  At  the  end  of  2  minutes,  turn  off  the  power  and  lower  the  plat¬ 
form,  Stop  the  motor  and  remove  the  specimen. 

14.  Rinse  the  specimen  with  hot  water  and  methanol  and  dry  it  in  the 
air  dryer. 


15. 

After  drying. 

the  poci'.lell  oo:.! 

a  carefully 

:iru.d  under 

the  microscope 

at  10  X  magnific. 

1 1 1  „n  to  see  if  all 

the  surface 

irregul ari ties 

are  removed.  If 

,m\  irregularities 

are  still 

observed,  the  whole-  process  hould  bo  repeated  again  starting 
from  step  3. 

16.  If  no  irregularities  am  found,  the  specimen  fnouid  be  care¬ 
fully  wrapped  in  cotton  and  stored  in  the  do sic a tor. 
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